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We report proximity effects of spin-orbit coupling in EuO1−x films capped with a Pt overlayer.
Transport measurements suggest that current flows along a conducting channel at the interface be-
tween the Pt and EuO. The temperature dependence of the resistivity picks up the critical behaviors
of EuO, i.e., the metal-to-insulator transition. We also find an unusual enhancement of the magnetic
anisotropy in this structure from its bulk value which results from strong spin-orbit coupling across
the Pt/EuO1−x interface.
I. INTRODUCTION
At the interface between two different materials, sym-
metry breaking and spin-orbit coupling can lead to un-
usual and exciting physics1,2. The properties of the in-
terface can be drastically different than the constituent
layers, as evidenced by the formation of 2D electron
gas (2DEG) at the interface of various semiconductor
and insulator systems. The most surprising discovery
was the observation of 2DEG at the interface of SrTiO3
and LaAlO3
3, which are both insulators. These inter-
face 2DEG have been found to host many exotic states
which lead to effects such as the quantum Hall effects,
superconductivity4 and the quantum spin Hall effect5.
In magnetic systems, normal metal - magnetic insu-
lator interface has been widely investigated for possi-
ble applications to spintronics. Effects such as current
induced magnetization switching6,7 and the spin Hall
magnetoresistance8,9 have highlighted the importance of
spin-orbit coupling at the interface of a magnetic insula-
tor and a normal metal. In addition, much emphasis has
been placed in the discovery and applications of magnetic
semiconductors for spintronics.
Europium monoxide (EuO) is a well-studied ferromag-
netic semiconductor. After its discovery10, the study of
the material has shown many interesting properties. Sto-
ichiometric EuO has ferromagnetic transition at 69 K,
but electron doping enhances the Curie temperature up
to around 150 K at ambient pressure. This enhancement
is a result of added charge carriers, and various mecha-
nisms have been invoked to study its properties11–13. A
recent first-principles study found that the competition
between direct and indirect exchange couplings dictates
many of the properties of electron doped EuO14. Al-
though still debated, most studies point the mechanism
of Curie temperature enhancement to bound magnetic
polarons15–17, although other models such as RKKY and
the Kondo lattice model are also invoked to explain the
various properties observed for EuO18,19.
Although bulk EuO is topologically trivial, theoretical
studies have found that the interface between EuO and
other materials may host topological states. For example,
EuO/CdO superlattice was found to host Weyl nodes and
quantum anomalous Hall states20. It was also found that
the interface of magnetic insulators and heavy metals21
and the EuO/GdN interface22 may be Chern insulators.
There has also been an experimental observation of topo-
logical Hall effect in EuO films, suggesting the formation
of 2D skyrmions23. Due to their large magnetization (7
µB/Eu) as well as highly insulating behavior, EuO and
EuS have also been used to study magnetic proximity
effects. Examples include the large magnetic exchange
field induced in graphene24 as well as the room temper-
ature ferromagnetism observed at Bi2Se3 interface as a
result of large spin-orbit coupling and spin-momentum
locking25. Thus EuO is an exciting system for the explo-
ration of new physics.
Here, we report on the transport properties at the
Pt/EuO interface and show unusual behaviors includ-
ing enhanced magnetic anisotropy at the interface, which
results from the strong spin-orbit coupling and sym-
metry breaking. This result is consistent with recent
calculations that show strong interfacial Eu(4f)- Pt(5d)
coupling26 and hints at the possibility for the formation
of spin-polarized localized mid-gap electronic state in the
first two atomic layers of EuO next to the Pt.
II. EXPERIMENTS AND RESULTS
We deposited EuO1−x (hereafter simply EuO) on a Si
(001) substrate using pulsed laser deposition (PLD). The
Eu metal target was kept about 7 cm from the substrate,
and was ablated using a Nd:YAG laser with 266 nm wave-
length and energy of 320 mJ/pulse. The substrate was
heated at a temperature of 350◦C and the base pressure
was better than 2 × 10−6 Pa. Since it is easy to form
Eu2O3, we refrained from using oxygen and instead re-
lied on residual oxygen in the chamber. We did not etch
the substrate, because of two reasons: first, the native
oxide at the surface of the substrate would prevent the
reaction between Eu and Si and, second, provide oxygen
to Eu to form the EuO seed layer. Both these functions
are facilitated by keeping the SiO2 layer when we evaluate
the interface free energy27. This technique is compara-
ble to the “distillation method” that has been used to
deposit high quality EuO using molecular beam epitaxy
(MBE)28. A thin layer of Pt (∼20 nm) was then de-
posited in-situ at the same temperature, also using PLD.
The growth rate was about 0.2 nm/s and it was cooled
2at 10 ◦C/min after the deposition of Pt. We were able
to grow phase pure EuO using this technique, which was
verified using x-ray diffraction (XRD) as shown in Fig.
1. The thickness of the entire film was around 600 nm.
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FIG. 1. X-ray diffraction pattern for Pt/EuO film.
It is likely that our preparation technique makes the
films oxygen deficient, and is thus electron doped. To
test this we performed both AC and DC magnetometry
to determine the magnetic properties of the film. Indeed,
we clearly observe a transition around 130 K, character-
istic of oxygen deficient samples, as seen in Fig. 2(a).
We also observe an in-plane magnetic anisotropy, which
is shown in Fig. 2(b). The saturation moment is approx-
imated to about 6 µB/Eu, which is close to the expected
value of 7 µB. Since our films are polycrystalline, the
cause of this anisotropy is most likely the film shape.
The coercivity for the in-plane direction is 52 Oe while
the out-of-plane coercivity is 367 Oe at 5 K. Some other
factors influencing the anisotropy also include the inter-
face and interdiffusion of Eu and Pt29. XRD patterns
do not show the presence of Eu-Pt alloys such as EuPt2
and EuPt5, but we cannot rule out the presence of these
phases at the interface.
The temperature dependent resistance measurements
are shown in Fig. 3. For doing transport measurements,
we used optical lithography to prepare rectangular bars,
with dimensions of 1 mm × 0.1 mm, and bonded gold
wires directly to the film using Indium contacts. 4-probe
DC measurements were performed using a Quantum De-
sign PPMS system. Above 70 K, the R-T curve shows
an insulating behavior with a resistance of ∼40 Ω. Since
the estimated resistance for Eu-rich film is ∼103 − 104Ω
based on previous reports30,31, it is unlikely that the EuO
layer is responsible for the conduction. There is also a
metallic Pt layer that could contribute to the transport.
The estimated resistance of the Pt overlayer at 100 K is
∼50 Ω, based on its approximate thickness of ∼20 nm,
device geometry and the resistivity32, assuming a contin-
uous Pt film. Our measured resistance (∼40 Ω) suggests
that at above 70 K, the Pt layer is the main conducting
channel.
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FIG. 2. (a) The temperature dependent magnetic moment for
the Pt/EuO film. (b) The magnetic hysteresis curves at 5K
in different orientations. The curves are normalized to their
saturation values.
The temperature response at higher temperature
shows an insulting behavior, which might suggest that
the conducting channel is not Pt. It is known that gran-
ular metals have resistivity of the form ρ ∼ exp(1/
√
(T ))
due to intergranular tunneling33, and our data are consis-
tent with this model, showing the influence of Pt grains
on the transport. Since Pt does not wet EuO26, it is likely
that our method and conditions of Pt deposition creates
islands and discontinuity in the Pt layer and results in
a granular film, thereby leading to the observed behav-
ior at higher temperatures. As a matter of fact, 20 nm
thick Pt films deposited on oxide substrates by various
methods can be expected to be of granular nature34–36
and lead to the observed behavior.
The insulator-to-metal transition at ∼70 K is typical
of doped EuO systems37. Above the transition tempera-
ture, the Pt layer is the primary conduction channel while
the EuO is more insulating, but at the transition temper-
ature, the EuO layer becomes more conductive and most
of the current flows in this layer.
At the lowest temperatures, the resistivity exhibits
an upturn at about 17 K. This upturn in the resistiv-
3ity has been observed in older reports on doped EuO
and is not well understood. It was discussed in terms of
an impurity-band hopping model and activation of addi-
tional impurity states23,37,38, or as a result of the ending
of the down shift of the spin-up conduction band below
the Tc
19. The down shift of the spin-up conduction band
toward the defect state is the possible origin of this metal-
lic behavior. When the down shift ends and conduction
band no longer moves relative to the defect state, fewer
electrons are excited to the conduction band at lower
temperature and the upturn is seen. In bulk EuO, the
upturn follows activated behavior, but our sample shows
a slower upturn and is also reduced in magnitude.
50 100 150 200
Tem perature (K)
0
5
10
15
20
25
30
35
40
45
R
e
s
is
ta
n
c
e
 (
Ω
)
0 Oe
10000 Oe
50000 Oe
− 5000 − 2500 0 2500 5000
Field (Oe)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
R
(H
)
−
R
m
in
R
m
a
x
−
R
m
in
120 K
70 K
50 K
20 K
(a)
(b)
FIG. 3. (a) Temperature dependence of resistance for various
applied fields. (b) Magnetoresistance curves at various tem-
peratures. The curves are normalized and vertically shifted
for clarity. Rmax and Rmin correspond to the maximum and
minimum resistance for the respective curve.
Figure 3(b) shows the magnetoresistance (MR) versus
magnetic field plots for various temperatures. The mag-
netic field is applied out of plane. An interesting obser-
vation in the MR is the appearance and evolution of the
hysteresis at various temperatures. Usually, in ferromag-
netic materials, the peaks correspond to the coercivity in
the magnetic hysteresis loop. However, the values that
we have obtained from MR are very different from the
values obtained by magnetometry, as can be observed by
the comparison in Fig. 4. At 20 K, the MR peak position
is close to 2000 Oe and the MR hysteresis loop remains
open at a magnetic field H > 4000 Oe. The MR peak po-
sition is about a factor of 6 higher than the coercivity at
the lowest measured temperature of 5 K, which suggests
that the magnetic anisotropy obtained by transport is
different from that obtained by bulk magnetometry mea-
surements.
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FIG. 4. Temperature dependence of the MR peak positions
(red circles) and coercivity obtained from the magnetic hys-
teresis (blue triangles).
III. DISCUSSION
Figure 4 suggests that the bulk magnetic properties are
different from the magnetic properties probed by trans-
port. To further investigate this, we hypothesize two
scenarios that permit this observation : first is solely due
to the bulk and the second is due to the Pt/EuO inter-
face. To the best of our knowledge, no phenomena leads
to such dramatic change in the coercivity values in the
bulk. If the enhancement were due to the bulk, it would
possibly be a result of some impure phases in the film.
For the best resolutions, we were unable to detect any
contributions from impure phases in XRD or magnetic
measurements. It should be noted that the common im-
purities such as Eu and Eu3O4 are antiferromagnetic at
TN ∼ 90 K , 5 K resp. while Eu2O3 is paramagnetic.
In our magnetic measurements, we failed to observe any
exchange bias effects that could be caused by these im-
pure phases that are embedded in the EuO layer. Thus,
the bulk is unlikely to cause such an enhancement of the
coercivity.
The second scenario in which the Pt/EuO interface
leads to this enhancement seems a more plausible expla-
nation. For this scenario, the interface would have to
be a highly conductive channel, which is very plausible.
According to a recent calculation26, a partially filled mid-
gap state forms and is strongly localized at the Pt/EuO
interface (within the first two atomic layers of EuO next
to the Pt). This state possesses primarily 4f character-
4istics, is spin-polarized and coincides with the bulk EuO
ferromagnetic state. This scenario also supports a large
anisotropy at the interface, as discussed below. It should
be noted that this study also found the local density of
states at the interface is similar to that of EuPt2, sug-
gesting the possibility that EuPt2 phase may form at the
interface.
There are other possibilities for the enhancement of the
anisotropy at the Pt/EuO interface. One is due to the
effect of strain at the interfaces39. This is an unlikely sce-
nario. As previously discussed, EuO and Pt are unlikely
to support such a strained interface because they do not
wet. Another possibility is due to interlayer exchange at
the interface40,41, but such a scenario requires that both
constituents across the interface contain elements with
magnetic moments, which is not the case here. Thus,
these factors do not seem to provide satisfactory explana-
tion for the large MR coercivity seen here, and we believe
a different mechanism is at play.
Our observations point to the effects of symmetry
breaking and large spin-orbit coupling at the interface.
It was found that in Pd/Co system, the hybridization of
Pd(5d) and Co(3d) states plus the large spin-orbit cou-
pling induced by Pd leads on an enhanced perpendicular
magnetic anisotropy at the interface42. Specifically, the
importance of the non-zero spin-orbit energy of Pd was
found to be the critical factor for turning the anisotropy
of Co from in-plane to out-of-plane axis. In our case,
the Pt overlayer is expected to produce strong spin-orbit
coupling. Unlike in bulk EuO, where there is a next-
nearest neighbor (NNN) coupling between Eu(4f) and
Eu(5d) states, at the interface the second layer of EuO
no longer has this NNN coupling with a Eu(5d) state, but
has it with the Pt(5d) states across the interface26. This
Eu(4f) - Pt(5d) coupling is the primary reason for the en-
hanced magnetic anisotropy of this mid-gap conducting
magnetic state. In addition, EuO may also exhibit strong
d-f hybridization and spin-orbit coupling43–46. Such ef-
fect will be particularly strong at the surfaces or inter-
faces due to symmetry breaking. The crystalline electric
field at the interface, which could split the Eu(4f) states
and lead to a stronger spin-orbit coupling, may result in
much larger anisotropy46.
IV. CONCLUSIONS
We have studied the magnetic and transport proper-
ties of Pt/EuO1−x films and found discrepancies in their
bulk and interface properties. The bulk EuO film clearly
shows an enhancement of Curie temperature to about
130 K due to oxygen deficiency. The EuO films also
exhibit the expected small magnetic anisotropy as seen
in the magnetic hysteresis loops. On the other hand, a
much greater magnetic anisotropy is found in the magne-
totransport measurements. The interface between EuO
and Pt is found to be the source of this large anisotropy,
which originates from the strong spin-orbit coupling re-
sulting from the coupling of the Pt(5d) and Eu(4f/5d)
states. This conclusion is supported by a recent density
functional theory calculation that shows strong spin-orbit
coupling across the Pt/EuO interface and the presence of
a 2D spin-polarized mid-gap state at the interface26.
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